Thermobaric Convection
by
Roland W. Garwood, Jr., Shirley M. Isakari
Naval Postgraduate School, Monterey, California, USA
and
Patrick C. Gallacher

NRL, Stennis Space Center, Mississippi, USA

in Geophysical Monograph 85:




Thermobaric Convection
Roland W. Garwood, Jr., Shirley M. Isakari
Naval Postgraduate School, Monterey, California, USA
and
Patrick C. Gallacher

NRL, Stennis Space Center, Mississippi, USA

Large-eddy simulation of two cases of free convection in the polar seas reveal the three-
dimensional structure of thermobaric-enhanced turbulence, with and without salinity stratification.
In the first case, with no initial stratification, 3.6 km-deep free thermal convection produces
anticyclonic cells of rising warmer water at the surface, with largest cell diameters of about 1 km.
Narrow linear shear zones of colder near-surface water between these warm cells are the source of
sinking cyclonic thermobaric plumes that provide the energy to power the convective system. The
prediction of a mid-depth maximum in the turbulent kinetic energy caused by thermobaricity is
corroborated numerically. In the second case, thermal convection in a mixed layer overlying
salinity-stratified warmer water may generate two kinds of conditional instabilities. In a
thermobaric parcel instability detraining parcels of mixed-layer water may penetrate the
pycnocline without significant mixing of the stable surrounding water. theamobaric layer
instability, a nonturbulent layer may become statically unstable and turbulent if advected below a
predicted critical depth. For either kind of instability, the thermobaric increase in density of a parcel
or layer of cold water may cause plumes of near-surface water to penetrate deep into the pycnocline
and possibly to the bottom as “cumulus towers” of the polar seas.

1. INTRODUCTION As first pointed out by Gill [1973] this nonlinearity in
o ) the equation of state should cause a cold plume of saline
The term “thermobaricity” was coined by McDougall shelf water produced by freezing to experience an addi-
[1984] and generally refers to phenomena related to thgona| decrease in stability as it flows down-shelf if the po-
pressure dependence of the thermal expansion coefficiefntial temperature of the surrounding water exceeds that
_p—la_p The maa- of the plume by a finite amourd. This buoyancy reduc-
oT tion (db) with depth (z) is explained by the thermobaric
nitude ofa increases with pressure (p) and is approximatterm of (3) that reduces the static stability for finite verti-
ed by the first two terms of a Taylor series expansion in pcal displacementdz:

for the density ) of seawater,a =

1 0 0,006
+_LD ( ) 5b = D\Iz—i[ﬁz

o Oa
00" pgHyH 0 Hy O

(3)

wherea andpg are the surface values for thermal expan-

_ d density. T i i _ de where N = (orgae/az—[3968/62)1/2 is the buoy-
slon and density, T Is temperature, g is gravity, ag ancy frequency for infinitesimal parcel displacement, and

the thermobaric depth scale, 8(z) and S(z) are the ambient profiles of potential tempera-
ture and salinity.
H =aq /a_or , (2) A possible open-ocean role for thermobaricity was first
a 0ozl _, considered by Killworth [1979], following the discoveries

) ) ) ) - of chimneys in the Weddell [Gordon, 1978] and Iceland
with the vertical coordinate (z) being positive up. For theggag [Foldvik, personal communication]. Killworth in-
coldest sea water s about 900 m. cluded thermobaricity in the calculation of hydrostatic sta-

bility for the Weddell Sea chimney. Farmer and Carmack
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[1981] and Carmack and Farmer [1982] showed its impor- To explain these plumes that extend below the surface
tance in freshwater lakes. Although other deep convectiomixed layer into the halocline, Garwood [1992a,b] has
numerical studies [Brugge et al., 1991; Jones and Marsuggested that deep penetrative convection in the polar
shall, 1993] have considered nonhydrostatic effects, noreeas may have dynamic and thermodynamic similarities to
have included thermobaricity until recently [Garwood,atmospheric cumulus convection, in that buoyancy is not
1991; 1993]. The dynamic nature of thermobaric instabili-conserved in either system. Two kinds of oceanic condi-
ties seems to have been overlooked. tional instabilities were hypothesized. These processes, a
parcel instability and a layer instability, are analogous to
1.1. Dynamic Effects of Thermobaricity Hypothesized  atmospheric conditional instabilities of the first and sec-

. . . ond kind [Holton, 1972].
Earlier mixed layer models for polar-sea application

have not included thermobaricity either [e.g. Lemke,1 7 | arge-Eddy Simulation (LES) to Numerically Test
1987; Martinson, 1990]. However, searching for mechaHypotheses

nisms to explain deep mixed layer entrainment, Garwood

[1991] showed a significant increase in the buoyancy flux A nonhydrostatic numerical model for high Reynolds
(Figure 1) and in the predicted mixed layer entrainmenfiumber turbulent flow is used to test the above hypothe-
rate when thermobaricity was included in the steady-statges. The LES model of Moeng [1984], which was adapted
turbulent kinetic energy (TKE) budget. A mid-depth max-to shallow ocean mixing by McWilliams et al. [1992], was
imum in the TKE was predicted for the deepest polar sefnodified for application to oceanic deep convection by

free convection because of thermobaricity. adding a prognostic equation for salinity and including the
pressure dependence (1) in the equation of state. The

0
Boussinesq equations plus heat and salinity budgets are
_500 - used to explicitly calculate the three-dimensional large-
eddy velocity, salinity, and potential temperature fields:
-1000
du_ _10p,
~1500 dt ~ Tpax TVTEAWT
dge 0.0,00 00,00 9 0
£ ~2000 a—XE(Max“DJf WB(Mayu[I-F EB(MaZUD (4)
N
-2500 dv _ 1dp f
i~ Tpay 7
~30009 og, 0.0,00 0.0,00 O
J— J— D+_ . D+_ . D 5
—3500- (9XB<M6XVD (9ya<'\/|(3y\/[| 6ZB<M62VD (5)
~4000 dw _ _10p, oo
0 05 i 1. at - paz @9(0-8p) r2Quut

Fig. 1. Normalized buoyancy flux (solid) versus depth associated P F)

. ) . ) 0, 0 ) 0 0 [

with a linear turbulent heat flux (dashed) in deep sea water with &B(M&WD-F WB(MWWD-F EB(MEWD (6)
surface temperature near freezing [Garwood, 1991].

In spite of the enhanced mixed layer buoyancy flux, iu+iv+iw =0 (7)
when salinity stratification is included, mixed layer phys- ox o9y 0z
ics can not explain recent small-scale deep convection ob-
servations. CTD sections by Rudels et al. [1989], towed
thermistor chain observations reported by Scott and Kill-
worth [1991], and moored thermistor/conductivity time o s 3 5 3 5 3
series of Schott et al. [1993] provide compelling evidence &° = 9 Lk 9 glly 0 Lk 9 gLl O Lk 9 gLl (9)
of small scale vertical convection events with horizontal ax%eax D ay%eay D aza(eaz D
widths of order 2 km and less in the Iceland and Greenlandg,e u, v and w are the easterly, northerly and vertical ve-

Seas. None of these observations of vertical plumes inacity components, f is the vertical Coriolis parameter, and
cluded evidence of horizontal homogenization that would

be predicted by traditional mixed layer physics.

ds

_ 0 00, 0 00,00 9040
& &%S&SDH—BE‘SWSD*E%SESD (8)
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2Q, is the horizontal Coriolis parameter, and the total denolds number causes a robust turbulence spectrum to be
. d P P) P) P) achieved that has the correct -5/3 slope at high wavenum-
rivative Is — = Tl tVo—+tWoo . bers [Gallacher, 1990].

dt ot ox dy 0z . . . o
. . In the following sections, thermobaric convection is ex-
The prognostic equations (4-9) for resolved scale mo-

o . amined and numerically simulated, first for purely thermal

mentum, salinity and potential temperature are solved u?- . o ; e
. . : oo ree convection and then for conditional instabilities in
ing second order, centered finite differencing in the - e .
. which salinity stratification allows for the build up and
vertical and the pseudospectral method of Fox and Orsz%%bse Lent release of thermobaric potential ener
[1973] in the horizontal. Time advancement is accom- 4q . | P . 9y

plished using the Adams-Bashforth scheme.

The subgrid scale fluxes are parameterized with edd
mixing coefficients (K, sg) that are time- and space-de-

pendent and calculated with second order turbulence clc

sure, following Smagorinsky [1963], with 39 B
.
Ky = 0.1\ /e (10) §2.5— -
and T 2] B
Kg = Kg = [1+(20)/L]Ky, (11) 154 i
The subgrid TKE length scaleis equal to the grid scale
A =L = (AxAyaz)t® (12) 05 . . .
0 1000 2000 3000 4000
unless the stratification is stable, when it is D/m
Fig. 2. Free convection velocity scale (w*) as a function of mix-
A = )‘s = 0.76/eN (13) ing depth (h) for a fixed value of surface heat flux, €100
watts/n?.

if As<L, where N is the buoyancy frequency, and e is the
subgrid (unresolved) TKE. It is computed by

de _ M[[@_UEZ + E@_VEZJ To demonstrate the power magnification attributable to
dt Loz Loz thermobaricity in the generation of turbulence, the vertical

_ 04 a0 6] deq integral over the water column of the buoyancy flux is
gKGB}(aze BazSE+E%KMazD & (14) considered,

where the four terms on the right of (14) are subgrid shear v

production, buoyancy flux, turbulent transport, and vis- Power _ A o A= +3

cous dissipation. Subgrid dissipaticg) {s modeled as a (Ared)p I(agew BgSw)dz= W (16)
function of the subgrid TKE, —h

15 where h is mixed layer depth, overbars denote horizontal
€ = (0.19+ 0.5A/L)e>/A (15)  averages in a system that is approximately horizontally ho-

. . . ; mogeneous in the mean, and w is the vertical turbulent ve-
More extensive details concerning the subgrid scale fluxe,

. . I%city. The velocity scale w* that is defined by (4) is
and the numerical method are provided by MoeT‘g (1984.)éxpected to be representative of the magnitude of the tur-

1 Sulent velocity present in the system at equilibrium when
on the order of 0.1 fs* or less, and the LES Reynolds dissipation balances buoyant production, and storage of
number is of order Foor larger. The pseudospectral meth-TKE. licible. F linitv fluxSw = 0 d

od allows use of a high-wavenumber cutoff filter to define 'S neglgivie. _or no salinity fluxSw = - anda
the resolved scales and to remove the small-scale noib€at flux,Q = pC,8w , that decreases linearly from the

without artificially damping the resolved scale motionsgyrface value () to zero at a depth z=-h, (1) and (4) yield
[Moeng and Wyngaard, 1988]. Thus the high model Rey-

2. THERMOBARIC FREE CONVECTION
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/3 by the buoyancy-driven convection. Without an underly-
*— EO 50 h&[l +h/(3H,)] (17) ing salinity stratification, there was no loss of TKE to en-
R e oig trai dampi diating internal Th
0 P 0 rainment damping or to radiating internal waves. The
simulation was continued for several days, until turbu-
where (=3990 J/Kg/C an@=1028 Kg/n? are representa- lence filled the model domain and a statistical equilibrium
tive mixed layer values for specific heat and density. was approximated. o _
For typical surface winter polar sea conditiong ¢Q00 Figure 4 shows representative instantaneous horizontal
. . averages of both the turbulent buoyancy flux and the sub-
watts/nf; S=34.5, T(0)=- 1.8), Figure 2 shows that w* in- g yaney

creases from 0.7 cmisec for a convection depth h = 50 m rid scale conductive buoyancy flux versus depth after a
: - atistical steady state was reached. Thermobaricity causes
2.4 cm/sec for h = 1500 m, and to more than 3.5 Cm/SEC% y y

i e turbulent buoyancy flux to be greatest near the 2500-m
convection penetrates below 3500 m. depth. The peak buoyancy flux in Figure 4 exceeds that
predicted in Figure 1 because of the unsteadiness in the
LES plume field and because individual large plumes can
penetrate to depth without being significantly dissipated.

The first of two numerical experiments is for thermally- The buoyancy flux profile in Figure 4 was during one of
driven deep polar sea free convection, without salinitythese plume events. The subgrid-scale conductive buoyan-
The purpose is to verify the TKE budget estimates and they flux also shown is considerably smaller in magnitude
prediction that thermobaricity should cause a mid-deptfihan the resolved flux, indicating that the energetics of the

2.1. Large-Eddy-Simulation of Thermally-Driven Deep
Free Convection Without Salinity

maximum in TKE. large eddies are independent of the subgrid-scale parame-
) terization.
LES Model of Deep Free Convection 0 , , , , , ,
75x75 horizontal grid 25 vertical levels ol b BNy a
"N
= ~
: Q = 200 w/nf ol | .~
' § :. ‘n_\\“
A N :-' h""‘aq\
/ -1500+ : \
\}
= L
-t A%Og m o > £ 2000 _:_ -
X = = m e :
Y € ¢ -zsmor | e
o < : -
2%
> N -3000+ r},,fﬂ
0| S L
Bottom BC:u=v=w=0Q By e T YA
- . &
/ \/ bw/(m%s3) and -K dbldz/(nis?) X0

- — ] ) Fig. 4. Vertical profiles of horizontally-averaged buoyancy flux-
Flg: 3. Schematic diagram of LES model for first numerical ex-o5 versus depth for (a) resolved turbulent motion (dashed), and
periment. (b) subgrid-scale diffusion (dotted). Averages are over the x-y

For the purely thermal convection in this first numericaldomain of (3.6 knf) and computed for an arbitrary time during
experiment, the model domain is cubical, with each sidéhe fifth day after model initiation when the convective turbu-
3.6 km, with periodic lateral boundary conditions (see Fig_lence has achieved an approximate statistical equilibrium.
ure 3). The ocean was assumed initially quiescent and ho-gigyre 5 confirms the expectation of a maximum verti-
mogeneous with the surface temperature at -1.8 C, jugly| TKE near mid-depth, with peak root-mean-square ver-
above freezing and typical of the western Greenland gyrgca| velocities of about 3 cm/sec. Near the 2000-m depth
during winter. Convection was initiated with application there is a broad maximum in the total TKE, with
of a constant upward surface heat flux of 200 wafts/m

: - - : : 2+ v? +w? =3.2x10°m?s2. There is al Kk in th
With no wind stress in these free convection experimentst! *V *W =5.2X1U"m7s". [here IS also a peak in the
a slip condition was prescribed for the surface velocity, alhorizontal TKE at the surface because of rotation and iner-

lowing the surface temperature field to be freely advecte§@l effects. Turbulent transport and pressure redistribution
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together tend to reduce local maxima in total TKE and invarmer regions are fed by rising water that diverges at the

each of the components. surface and begins to spin under the influence of Coriolis.

04— L ' L ' With a maximum horizontal speed of about 0.06 m/sec
P ' and a horizontal scale size (D) of about 1 km, the largest

500 * L cells have a local Rossby number (Ro=w*/fD) of about

x 0.5.

1000 ! | The coldest near-surface water lies in linear conver-
o gence lines between the expanding warm cells and has a

o large cyclonic vorticity that is accentuated by the vertical

_\1500_ x | stretching induced by sinking. The local Rossby number

E . Y of the sinking plumes is therefore much greater than unity.

& 2000 - I Carsey and Garwood [1993] believe that they see simi-
] x lar surface features to those predicted by the LES in ERS-1
2500 © ] - SAR data from the Greenland Sea during the winter. A

Ry functional relationship was suggested between the hori-
3000 ~ __.-/-"/ L zontal scale size (D) of the mesoscale features seen at the
% surface and the interior state of the ocean and surface forc-
3500 - i | ing: the depth of mixing, h, the thermobaric deptf, &hd
the free and forced convection velocities, w* and1®%
4000 ' , ' , wheret is the wind stress. For a statistical steady state, this
] 1 2 I 3 4 _35 function should have the form,
m s x10

Fig. 5. For the same period as for Figure 4, vertical profiles of D/h =®[Ro, h/H,, w*/u*] (18)

, (b) The function® needs to be evaluated from future obser-
vations, both in situ and remote, together with model sim-

horizontally-averaged values of TKE components: L(%.)
2 2 _ ) . .
vV, (c)w , (d) total TKE, and (e) subgrid TKE. ulations. Then @ 1, and h could potentially be diagnosed

The structure of the convective elements throughout thEOM satellite observations alone.
three-dimensional model domain has been studied by Gar-
wood [1993] USing hundreds of vertical and horizontal 3. THERMOBARIC CONDITIONAL INSTABILITIES
sections of contoured temperature together with time se-
ries of parcel trajectories. Video recording of time series Thermobaric effects in the presence of salinity stratifi-
of these sections showed that the longevity of verticatation are now considered. For typical polar sea conditions
plumes seldom exceeds the time for a parcel of surface@ear freezing, the surface value of the thermal expansion
cooled water to S.Ink to .the bottor_n.. Because of the IntensEoeﬁicient is a. = 2.75)(10—5(:—1 _the thermobaric
ty of the three-dimensional vorticity, the loss of energy 0
from the largest plumes to smaller eddies prevents the@epth defined by (2) is #4990 m, and the salinity con-
most energetic vertical plumes from lasting much longeg,5ction coefficient[3=0.791x103psu'1, is nearly depth in-
than several hours, or the integral time scale for the turblh‘ependent. Under these conditions, the magnitude of the
lence. The effects of thermobaricity are evident in Platg,oyancy attributable to temperature differences increases
la, with the lower portions of downward-acceleratinga jittie over 0.1% with each meter of downward displace-
plumes appearing to pull away. . ment, while the buoyancy attributable to salinity differenc-
Horizontal sections showing the temperature field havgys remains constant. In other words, if two parcels of equal
a considerable degree of organization. See Plate 1b. Part@énsity in the mixed layer that have differ@® proper-
ularly noteworthy are the organjzed mesoscale featurggg gre displaced downward together, the colder and
that somewhat resemble Rayleigh-Benard cells [Carseyesher parcel will be compressed more than the warmer
and Garwood, 1993]. Unlike Rayleigh-Benard cells, how-3q4 more saline parcel.
ever, these are nonstationary cells that are influenced by pp, upside-down physical analog to cumulus convection
both planetary rotation and the smaller-scale three-dimennat may occur in polar seas due to the combined effects of
sional turbulent vortices. salinity and temperature stratification in the nonlinear
The large cells with 3-6 sides are warmer (red) than thgqation of state is hypothesized [Garwood, 1992a,b]. In
cold (blue) areas of the field, by about 0.02 C. The largeshe thermodynamic analog, the halocline plays the same
cells are divergent and rotate anticyclonically. Thesgapilizing role in the polar seas as does the potential tem-
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perature profile in the tropical atmosphere, and low ocearbe positively buoyant, slowing its penetration. If the par-
ic mixed layer temperature plays a similar destabilizingcel's initial downward speed is small, it may return to the
role as high humidity in the marine atmospheric boundarynixed layer. However, if the initial downward speed is
layer. large enough, the parcel may pass below the critical depth
Perhaps the simplest case that may lead to a thermobahiefore its downward speed is lost, and a parcel instability
conditional instability is a two-layer system with a surfaceshould occur. The parcel will then fall until it meets the
mixed layer of colder and fresher water overlying a deepédottom or another layer of greater density, or until it is dif-
layer that is both more saline and warmer than the mixeflsed by turbulent mixing. As an example, i H 904 m,
layer. If mixed layer water is displaced a short distanc@nd the magnitude of the stratification due to salinity ex-
downward into the deeper layer, it will be buoyant and lift-ceeds by 24% the magnitude of the compensating stratifi-
ed back to the interface. However, analogous to the releaggtion due to temperature, then the critical depth would be
of latent heat by a rising parcel of air from the marine at(1.24-1)x(904 m), or 217 m. If the mixed layer depth were
mospheric surface layer, the increase in thermal expansigmo m, then a plume of mixed layer water that penetrated
coefficient with depth may make temperature differencegnore than 17 m into the lower layer would initiate a parcel
overcome salinity differences in determining buoyancy ifinstability. Of course, partial mixing between the parcel
the ocean mixed layer parcel is displaced to sufficienind the surrounding water will influence these tendencies,
depth and differentially compressed by high pressure. Sgut the basic premise is expected to apply because the wa-
if a mixed layer parcel or the interface itself is given suffi-ter column being penetrated is not expected to be turbulent
cient downward motion by turbulence or internal wavesand mixing should be minimized.
then the displaced water may become more dense than t 0 0

ambient deeper water, with buoyancy not conserved. Pa

cels or plumes could then break away from the interfac -200f -200¢

and be accelerated downward through the deeper layer.

the deeper layer is itself nonturbulent, such downwari ~400f -400¢

moving parcels or plumes may be convected to the bo

tom, or until they reach water of greater in situ density ~saar ~saar

without appreciable mixing with the intermediate water. £ _aml | & ol

A critical depth (k) is predicted for the thermobaric ™ N

instability to occur, _1o00t _1o00t
her = (BAS/IpAB - 1)Hy (19) ~1200} -1200}

whereAS andA6 are the increases in salinity and potential _; 45| _1aonl

temperature for the underlying layer relative to the surfac

mixed layer. The critical condition (19) applies to vertical _igp . _15%9 . . .
displacement, but is similar in form to Aagaard et al.'s = -1 0 475 348 3485 343 343

[1985] critical pressure level applied to horizontal inter- T/iC Slpsu
leaving of water masses. Fig. 6. Representative western Greenland Sea wintertime temper-

ature and salinity profiles, from observations by Quadfasel and

3.1. Parcel Instability Criterion and Large-Eddy Simula- UngewP [1988] (solid curves). Dashed curves are hypothetical
tion profiles that approximate the change in the observations that

would accompany a mixed layer salinity increase associated with
An increase in h above,fdue to entrainment is predict- the freezing of 25 cm of surface water.

ed by mixed layer eptrainment .models in response to ei- Figure 6 from observations by Quadfasel and Unfewi
ther force convection by wind stress and/or free19gg] shows that the lower layer of such a system need
convection driven by surface heat flux with or without 5 pe homogeneous. It may be stably stratified. The
freezing. However, parcels of negatively buoyant water ifyashed profiles are for a neutral parcel: if a parcel of
such a convective turbulent boundary layer may not bgixed layer water is displaced vertically into the lower
confined to the mixed layer, with their energy used onlyayer, it will have identical buoyancy to the surrounding
for dissipation and entrainment at the base of the mixegater regardiess of depth. The thermal expansion increase
layer. _ with depth exactly compensates the in situ temperature
A parcel of surface-cooled water will accelerate down-gragient. As can be seen, only a minor increase in surface
ward until it meets the underlying more saline and warmeL,|inity, equivalent to freezing 25 cm of water, will make
water. Upon entering the pycnocline, the parcel will at firsthe water column susceptible to parcel instability, poten-
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tially allowing penetrative convection events deep into th€22) may be combined to predict the minimum necessary
thermocline without a concomitant mixing of the ther- surface heat flux to give a parcel instability,
mocline. In observations during the following winter, Ru-

dels et al. [1989] observed such a narrow “pipe,” with h —m3

vertical penetration at a single site to 1250 m, while the  Q,>2pC, cr ( 0g)0 5[&51 (23)
surrounding deep water remained unmixed. Although Ru- hel + —

dels et al. suggest a double-diffusion mechanism for the 3HaD

density anomaly to develop, we suggest the parcel insta- _ _ _
bility mechanism. However, what initiates the parcel dis- The dashed profiles of Figure 6 provide an example.

placement? With AB=1.50 C,AS=0.0636 psu, and h=200 m, (19) gives
If the initial conditions for a parcel ejected from a mixedh,=217.5 m. Then (23) predicts that © 200 watts/rA
layer of thickness h are Qz‘t = —w, and would lead to a parcel instability by causing a large

enough initial velocity of w>W=0.011 m/sec to carry in-
z|, _, = —h, then the subsequent vertical displacementident mixed layer parcels below the critical depth.
of the parcel can be predicted from the vertical momentum An LES numerical experiment was initiated with these
balance. For the period during which the detrained parcgjajues for hA® andAS and forced by Q= 200 watts/rf.

is contained within the underlying layez,<—-h , the ac-pjate 2 illustrates a sequence of x-z sections from the LES
celeration of the parcel is balanced approximately by itsnodel. Four hours after initializing the numerical experi-

buoyancy, ment from an initially quiescent and stable ocean, the den-
2 sity interface nearz = —200 m was deformed and

dz _ B .z experienced some entrainment mixing. The first parcel in-

F = BoAS aogAG%L H, O (20) stability to break through the interface and continue below

the critical depth occurred some 5 hours after initializa-
where g=9.83 m/séds gravity. Using (19) the solution to tion. In the second picture in Plate 2, an 80-m wide pipe of

(20) may be written as mixed layer water has penetrated the lower layer below the
critical depth shortly before the simulation was terminat-
mogAGEP -5 ed.
z(t) = —h, +0. 5C1exp{ }
3.2. Layer Instability Criterion: Possible Explanation for
Scott and Killworth Chimneys
OgAe[P S L , L
+0. 5C2exp{ t} (21) While mixed layer turbulgnce may provide the initial
energy to generate a parcel instability, downwelling by the
larger-scale circulation may lead to a related instability. If
05 h is made to exceed,tin (19), either by Ekman pumping
where C, = hcr_h_WOD—D and or other downwelling process, then the entire upper Iay_er
9480 will become hydrostatically unstable, and a layer instabili-
ty may occur. Such may have been the case for the chim-
-5 ney features having a 2-3 km width reported by Scott and
C, = hcr_h“"’o%@% Killworth [1991]. Although there were no local salinity

measurements for verification in Scott and Killworth’s ob-
servations, an originally hydrostatically stable layer with
Stable vertical gradients,(0S/0z)/(06/0z) > a/ ,

could have been made unstable if advected below a critical
depth,

Evaluating (21) as t approaches infinity, and requiring
to approach the critical depth gives the critical initial par-
cel speed yto be

gABP-> os U
We= (R h)mo—u (22) Zr _E,%)ae_l%“ - (24)

hus (24) is a generalization of the critical depth defined

y (19) and applies to both stratified and well-mixed lay-
ers. In any case, advection of a layer with vertical temper-
ature and salinity gradients beloy;, zould conceivably

If the initial parcel speed is assumed to be provided b
mixed layer free convection so thagww*, then (17) and
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Plate 1. First LES experiment with thermal free convection only, 1.25 days after initiation of an upward surface hedflwati§2

m2. (a) Three-dimensional depiction of constant-temperature surfaces in a 3.6-km cube. Blue is -1.806 C, and green isb)1.002 C. (
Cellular mesoscale convection cells predicted for the surface temperature field. Area shown is 7.2 km x 7.2 km. Cyclital horizo
boundary conditions enable the depicted area to be expanded four-fold for visual effect.



Plate 2. Second LES experiment including salinity stratification, (a) 4 hours, and (b) 5 hours after initiation of suifarePenct!
instability occurs in the second of these two sequential vertical temperature sections. The first section shows signfacandéfor-
mation by mixed layer turbulence. The second picture shows the onset of the parcel instability with an 80-m wide plurmgpkeetrat
pycnocline. Contours of relative temperature in the upper 100 m are in millidegrees, and contours of relative tempetlatuirgerear
face at z=-200 m are in centidegrees.
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